
BASA-T1-1-69571) 
IMlBSIIGATIOY OF 
YZTII C O I P A B I S O I S  
PBBDICTIOMS a.s 
82 p IC $6.25 

BXPBRIMBITAL 
A PALL STABLIZBD ARC 
TO TEBOBBTICAL 

I73- 2 9 4 4 3 

. T h e s i s  - Georqe ( U A S A )  Oaclas 
CSCL 14B G3/14 12179 

Experimental Investigation of a Wall 

Stabilized Arc With Comparisons t o  

Theoretical Predict ions 

m 
W i l l i a m  Lee Wells 

B. Sci .  Tennessee Technological University, 1959 

A Thesis submitted t o  the Faculty of the School 

of Engineering and Applied Science of the George 

Washington University In partial  satisfaction of the 

requirements for the degree of Ebster of Science 

June 1973 



Abstract 

A wall-stabilized, constricted-ftrc heater w88 investigated by 

extensive measurements of pressure, voltage, and wall heat flux at 

d i f fe ren t  ax ia l  locat ions along the constr ic tor .  

p rof i les  were measured at one ax ia l  location by the radiance of a 

single l i n e  method and also by the  continuum radiance at a vavelength 

of 4955 !. 
constr ic tor  length of 42 cm was operated with nitrogen f low rates frm 

about 2 t o  10 g/sec, and arc  currents from 400 t o  1200 mperes. 

R a d i a l  temperature 

The arc heater with an inside diameter of 2.37 cm and a 

Based on a literature search, two d i f fe ren t  d i g i t a l  ccmnputer 

programs were selected which were used t o  predict  the per t inent  para- 

meters by numerical solutions t o  the  governing d i f f e r e n t i a l  equations. 

The program select ions were based on completeness and availability. 

I n  general the predictions were adequate when laminw flow was 

assumed, and the greatedt d i f f i cu l ty  was encountered i n  t h e  predictions 

of w a l l  heat f l u .  

The re su l t s  of the measurements are shown i n  graphical form, 

along with the  theore t ica l  predictions From both computer programs. 
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CHAPTER I 

INTRODUCTION 

The use of e l ec t r i c  a rcs  t o  heat a gas t o  very high tmpera tc ree  
4 

of order 10 degrees K has been a subject of s c i en t i f i c  study for  a 

number of decades. However, it has been within the  l a s t  two decades 

that researchers have exploited t h i s  e f f i c i en t  and continuous source 

of energy fo r  wide-scale, p rac t i ca l  engineering use. 

fo r  t h i s  purpose are variously referred t o  as plasma je ts ,  plasma 

torches,  plasma generhcors, a r c  heaters ,  and a rc  j e t s .  The search f o r  

an e f f ic ien t  and r e l i a b l e  energy conversion process as w e l l  as the  

par t icu lar  intended appl icat ion has resulted i n  several  d i f fe ren t  de- 

signs for these  devices. 

materials testing, spacecraft  entry research, propulrion, flame spray- 

ing and coating, chemical synthesis,  and radiat ion sourccu. A 

c l a s s i f i ca t ion  of the  devices and their  applications are discussed In  

reference 1. 

Devices designed 

Representative of the  appl icat ions a r e  

Although devices of a number of d i f f e ren t  designs e x i s t ,  they 

all have i n  common the  requirement t o  control  and contain the arc  

and gas i n  such a manner as t o  t ransfer  the e l e c t r i c a l  energy of 

the  system in to  the gas. One such device tha t  i s  current ly  i n  common 

use is  generally re fer red  t o  as the wall-stabil ized, constr ic ted tube 

a rc ,  

e ler t rode s i tua ted  a t  each end sc as t o  provide a direct-current a rc  

p.iong the tube axis and allow the  flclw of a gas co-axially with t h e  

In t h i s  configuration a cy l indr ica l  tube is  employed with an 

1 
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tube a id  a rc .  

of the enerLv conversioa takes place. 

device, along with i t ' s  auxi l ia ry  equipnent, requires  a knowledge of 

t h e  r e s u l t s  of t he  ccmplex energy exchange processes tha t  take place 

v i th in  t h e  tube. Furthermcwe, i n t e l l i gen t  u t i l i z a t i o n  of these de- 

vices also depead upon a knowledge of the  arc-gas interact ions.  I n  

some instances it is su f f i c i en t  t o  know the  aerothermodynamic s t a t e  

of t he  eff luent  gas as, f o r  example, i n  s3me materials s tudies  where 

samples are exposed t o  the  h a t e d  gas stream. 

complete spa t i a l  d i s t r ibu t ion  of gasdynamic, thermal, and electro-  

magnetic variables throughout the  tube may be required. 

example of t h i s  l a t t e r  case is a f a c i l i t y  as reported i n  reference 2 

wherein the  gas throughout the  constr ic tor  is t rea ted  as a streamtube 

i n  the  flow f i e l d  behind the  bow shock of a spacecraft  during a 

simulated planetary entry. 

I t  i s  within t h e  tube,  or "constr ic tcr" ,  where mest 

The e f f i c i en t  design of such a 

I n  other  cases the  

A most recent 

Many invest igators  have performed theore t ica l  analyses of t h e  

interact ion between the  e l e c t r i c a l  discharge and tile gas flow w i t h -  

i n  the c o n s t r i c t x .  Ifowever, the energ, exchange processes which take 

place within the tube are complex and consequently a number of 

simplifications and assumptions have been made i n  order t o  a r r ive  at 

a t r ac t ab le  set of governing equations. The most successful e f f o r t s  

t o  date are those imploying nunerical techniques which describe the 

gasdynamic, thermal, and electromagnetic var iables  i n  the  cons t r ic tor  

i n l e t  region a s  well RS i n  the  region of fully developed flow. One 

investigator ( r e f .  3 )  used numerical methods t o  solve the  governing 
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equations t o  obtain w a l l  pa=ameterp such as Nusselt number and f r i c -  

t i on  fac tors  j n  the f u l l y  develc-sd flow region of %he cons t r lc tor ,  

however, ins tab i l i t i es  were encour.t?red a t  arc CUT;  &nts  greater  than 

300 amps and/or gas flow r a t e s  greater  than 3g/sec. An extensive 

review of the d i f fe ren t  t h t ? - e t i c a l  models and t h e i r  shortcomings 

have been covered i n  references 4 and 5, therefore  no e f f o r t  w i l l  be 

made here t o  evaluate the r e l a t i v e  merits of each approach. 

as pointed out by Bower (ref.  3 )  i n  1968, the  most complete solut ion 

of the coupled system of conservation equations t o  da te ,  u a s  t h a t  due 

t o  St ine,  Watson, and Shepard ( ref .  6 )  and l a t e r  published i n  d e t a i l  

by Watson and Pegot (ref. 7 ) .  

approach was taken by Graves, but with a d i f f e ren t ,  numerical technique 

as reported i n  reference 8. 

However, 

More recent ly ,  a s imi la r ly  compipte 

I n  any case, the  amount of pxblisherl experimental ver i f ica t ion  i s  

scanty and the railge of reported a rc  current and gas flow ru tes  a r e  

very l i m i t e f  In some instances where data a r e  avai lable ,  insuf f ic ien t  

information i s  presented t o  determine the  conditions -under which thz  

measurements were made. 

were measured. 

experimental data i s  needed for  the ver i f ica t ion  of the la tee t  

theore t ica l  p red ic t iom of tht? flow f i e l d  i n  a wall-stabil ized 

constr ic ted a rc  heater.  Because of t h e i r  r e l a t i v e  completeness, 

a v a i h b i l i t y ,  and s u i t a b i l i t y  for  digitGI. coaputer computation the 

two la t te r  mentioned approaches t o  a theore t ica l  solution ( r e f ,  7 and 

ref .  8)  were selected for presentation with tne  present experimental 

In  other caseB only  one or  two parameters 

As pointed out i n  reference (4) a consiscent set of 
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measuruaentz. 

and Eeasuraents were um4e at representative values of gas flow rates, 

art currents, and stagnation pressures available with the present 

syst  w... 

t i  C2C €600 digital computer. 

were f~in with the same values of input gas mas= flow rate, entrance 

pressure, and arc current. 

The experiment vas run with nitrogen 88 the test gas 

"he programs were written i n  Fortrau I V  code' and executed by 

For each experimental. test both progrms 

h e  program of reference 7 WRS received written in Fortran I1 
coOe but was changed to  Fortran IV. 



CIiAPTER I1 

The approach taken by the two selected sources, (ref. 7 & 8)  to 

analyt ical ly  describe the plasma flow i n  a cons t r ic ted  tube a rc  is 

from a macroscopic point of view. 

plasma as a homogeneous, isotropic  continuum which satisfies the 

c l a s s i c a l  system of f l u i d  mechanic equations combined with t h e  necessary 

electrodynamic relat ions.  

t h e  conservation of mass, momentum, and energy i n  some arbitrary con- 

trol volume within the flowing plasma. 

dynamic r e l a t ions  include Ohm's l a w ,  Maxwell's equations, and the  

l i nea r  cons t i t u t ive  fie16 e q u t i o n s ,  of which the latter two relate 

the e l e c t r i c  and magnetic f i e lds .  

f i e l d  is  u t i l i z e d  i n  t h e  constricted tube a r c ,  moe3t 02 t h e  electro- 

dynamic effects have been considered insignif icant  by these two 

papers, and only the portion of Ohm's l a w  which r e l a t e s  current t o  

the e l e c t r i c  f ie ld  and the  e l e c t r i c a l  conductivity has been retained. 

Hwever, electromagnetic effects which appear i n  the  energy equation 

as a Joule heating term have been retained. 

electromagnetic e f f ec t s  would have resu l ted  i n  addi-ional t e r v  in 

the momentum eq. i n  the  form of Lorentz body forces,  but the 

continuity eq. would have been unaffected. 

sion of most of the  electrodynamic e f f ec t s  is 3iscussed at  some 

length i n  reference 3. In addition t o  the  previously mentioned 

The macroscopic m o d e l  treats the 

The f lu id  mechanic equations are based on 

The complete set of electro- 

Since nc externall)  q p l i e d  magnetic 

Consideration of t h e  f u l l  

The r a t iona le  for exclu- 

5 
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equations, the thermodynamic re la t ions  must also be sa t i s f i ed .  The 

thermal equation of state relates the  pessure, temperature, and 

c ten ica l  composition; E =  ZRT where 2 is  an indicat ion of the  

degree of dissociat ion and ionization. 

t he  enthalpy i n  terms of t he  constant-pressure spzc i f ic  heat; 

h-href = IT c d t .  Final ly ,  it is necessary t o  specify the  func- 

t i ona l  dependence on temperature of the  thermodynamic and t ransport  

properties and the appropriate boundary conditions f o r  t hc  flow 

field. 

P 
The ca lor ic  equation defines 

Tref P 

A f t e r  the  governing equations have been samewhat simplified by 

the  r e s t r i c t i o n  of the  electromagnetic effects, there  s t i 2  renains a 

highly ccmplex, i n t e r l a t ed  system of non-linear partial d i f f e r e n t i a l  

equations. 

made i n  both analyses in order t o  make the  system of equations more 

amenable t o  a solution. 

l i s ted below. 

A number of asproximations, and simplif icat ions have been 

These assumptions and s implif icat ions a r e  

1. 

2. 

3. 

4. 

5 .  

The gas flow is steady and axisymrmetrlc. 

The e l e c t r i c  discharge i s  s ta t ionary and the  e l e c t r i c  

po ten t ia l  is constant on planes perpendicular t c  t h e  axis. 

A x i a l  heat conduction i s  negl igible  compared t o  radial heat 

conduction. 

Loreatz forces are negl igible  cmpared t o  dynamic and s t a t i c  

pressure forces. 

The r a d i a l  pressure gradient is negl igible  compared t o  the  

s t a t i c  pressure. 
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6. 

7 .  

The form o f  the simplified governing equations f r o m  each of‘ the 

The gas i s  assumed to be i n  local  thermodynamic equilibrium. 

The gas is optically transparent tc al l  thermal radiation. 

two sources we listed below i n  a cylindrical coordinate system. 

Reference 8 

Continuity, 

Momentum, 

Energy, 

,I2 = the joule heating aad where where uEE W 2 

P = 4b’yT4 = the radiated p e r .  

Ohm’s law, 
rW I = 2 v E z I  ur dr 
0 

( 4 )  
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The following boundary conditions are applied: 

at the centerline, r = 0, -=: 0 ,  z- a - O  dr 

at the wall, r = rv, v = O , a = O , H = H V  

Rsference 7 

Continuity, 

Momentum, 

Energy, 

where (0 = IT kdT = conductivity function, 8 mathematical 
Tref 

device sometimes employed to reduce the number of unknown 

coefficients in differential equations of heat transfer 

theory. 

In this investigation the measured values of pressure ranged 
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Property Reference 7 Reference 8 

h O < h < 7 x 1 0 7  7 x 1 0 7 < h < 2 3 x 1 0 7  a l l  

ref. 15 ref. 16 ref. 17 P 

k r e f .  15 ref .  18 ref. 17 

ref. 17 

ref. 19 

re f .  18 ref. 20 

c h Z  7 - P' ' 
I - 

Q ref. 18 

- radiation r e f .  15 r e f .  18 
F 

from about 0.1 t o  1.0 atm. The program of ref. 7 u t i l i ze s  the thermo- 

dynamic and transport  properties of nitrogen, except for  gas radiance, 

where the values for  air  were used. However, the variation of many of 

these properties with pressure were extrapolated into the range of 

in te res t  here. 

property of air (without extrapolation). 

cornparisms are made for some of the propertiee of air and nitrogen. 

Where feasible other properties were compared at one atmosphere 

pressure bjr the preeent author. 

significant differences were apparent except at occasional maxima 

values i n  a narrow temperature band. 

at these points were within the accuracy t o  which transport  properties 

The program of reference 8 W ~ B  set up t o  u t i l i z e  the 

In  reference 1 4  graphical 

For the temperature of in te res t  no 

In general the differences even 

are known. Therefore, the programs w e r e  run with the "8s  received" 

property values w i t h  the  real izat ion that some differences i n  predic- 

t ions may result from differences i n  property values. The sources of 

property values for each program are shown IA Table I. 
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In  t h e  numerical approach a set of conditions a re  assumed at the 

constr ic tor  entrance and through the  governing equations a new set of 

conditions are calculated at a point a mall distance downstream. An 

i t e r a t i v e  process of calculat ing the  new conditions i s  followed a t  t h e  

new axial s t a t ion  u n t i l  the in t eg ra l  of the local mass flow over the  

cross-sectional area mstches the to ta l  i n p t  mass flow t o  within a 

specified accuracy. 

t he  constr ic tor  length,  where the conditions at each new s tep  a r e  

determined from the previous step through consideration of mass, 

mmentum, and energy. N e a r  the entrance where conditions change 

rapidly,  the  distance between ax ia l  locat ions ( s tep  s ize)  i s  s m a l l ,  

and become progressively la rger  downstream. 

conditions are calculated at  a number of d i scre te  radial locat ions 

ca l led  mesh points suf f ic ien t  t o  maintain numerical s t a b i l i t y  and 

provide accurate property prof i les .  

the radial mesh points evenly spaced betxeen the  cons t r ic tor  center- 

l i n e  and the w a l l ,  whereas, r e f .  8 epacee the  points according t o  a 

geometric progression which results in a higher concentration of points 

near the w a l l  where la rge  changes i n  var iables  take place. 

This stepping procedure is fc.llowed throughout 

A t  each a x i a l  s t a t ion  the  

The p r o g r a  of reference 7 has 

Reference 7 uses a f i l l y  exp l i c i t  numerical technique whereas 

refezence 8 uses an i t e r a t i v e  implici t  f in i te -d i f fe rence  technique. 

The primary difference being t h a t  the latter method determines new 

gas properties at each new axial s t a t ion  sf’ter the  new enthalpy pro- 

f i l e  i s  estimated by use of the energy equation, but before proceed- 

i n g  t o  the momentum and continuity equations. In contrast ,  t h e  



explicit technique d e s  use of gas properties from the previous step 

to determine the new profiles. 

is more stable. 

Reportedly (ref. 3) the implicit method 



c m  I11 

EXPERIMETJTAL APPARATUS 

Arc Heater System 

The arc  heater (see f igure l(a)) was of the  w a l l  s t ab i l i zed  type 

which u t i l i zed  a constant diameter cons t r ic tor  f o r  s t ab i l i za t ion  and 

confinement of the  a rc  and gas. 

2.37 cm. inside diameter. 

cathode a t  the upstream end and t o  multiple (32) cooled copper anodes 

i n  a conical expansion section ju s t  downstream of t h e  constr ic tor  

ex i t .  

i n  each of two rows. Resistors were in s e r i e s  with the  anodes t o  

cause the  e l e c t r i c a l  current tc divide evenly t o  each anode thereby 

resul t ing i n  a very quiescent a rc .  The c o n s t r k t o r  was constructed 

of a l t e rna te  wafers of ceramic insulators  (boron n i t r i d e )  and water- 

cooled heat conductors (copper) as shown i n  f igure  l ( b ) .  

t o  these wafers were nonconductive so t ha t  each wafer was e lec t r i ca l ly  

isolated and was allowed t o  rise t o  the  loca l  arc  poten t ia l  during 

operation. 

configuration were spaced along the  constr ic tor .  

segments contained a pressure o r i f i ce ,  a voltage connection, and 

was equipped with an individual water flow meter and a set of thermo- 

couples fo r  w a l l  heat flu measurements. Another special  segment 

contained two pa ra l l e l  cooling water passages w i t h  a so l id  land 

between them where a s l o t  was cut through the  w a l l  t o  provide an 

The cons t r ic tor  was 42.4 cm. long and 

The arc  attached t o  a hollow tungsten 

The anodes were UAmged in a r e d i d  configuration wi th  sixteen 

Vater l i n e s  

Six of the  cooled wafers, o r  segments with a special  

Each of these 

12 
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external  view of ,ne zrzc for  temperature measurements. 

was eq-al and tangent t o  t he  cons t r ic tor  inside diameter and had a 

width of 2.06 mm. 

on the outside of the  arc heater. A cross  sect ion sketch of t h i s  

special  segment i s  shown i n  f igure  l ( c ) .  

The s l o t  height 

The slot  w a s  covered and sealed by a q c a r t z  window 

Shown i n  figure 2 i s  a view of t h e  overa l l  system where the  

primary components are; t h e  a rc  heater, t he  vacuum system, the high 

pressure cooling water system, and an 1100 vo l t  pswer supply. 

ex i t  of t he  a rc  heater was connected and sealed t o  a vacuum tank (of 

approximately 0.368 m ) ?ut was e l e c t r i c a l l y  i so la ted  from it. Within 

the  vacuum tank a cy l indr ica l  blunt body wis s i tua ted  near the ex i t  

and coaxially w i t h  t h e  a rc  heater.  

forced t o  tu rn  and flow rad ia l ly  through t h e  gap formed by the  arc 

heater exit and the  blunt body. 

movement of the blunt body through a remotely operated dr ive  

mechanism, thereby providing a mean8 f o r  pressure control  i n  the  a rc  

heater at a fixed flow rate. The vacuum tank was connected t o  a 

2,265 m vacuum reservoir  which was evacuated with pumps and blowers. 

3 Cooling water was supplied from a 227 m reservoir  through a high 

pressure pump, and nitrogen of 99.99 pel- cent minimum puri ty  was 

supplied from storage cylinders.  

The 

3 

Consequently the ef f luent  gas was 

The gap width was adjustable by 

3 

The power supply consisted of two 1100-volt ac/dc s i l i con  diode 

r e c t i f i e r s  i n  pa ra l l e l .  

for current  control.  

AdJusteble c i r c u i t  r e s i s t o r s  were provided 
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Instrumentation 

All of the  data were taken i n  the  form of continuous e l e c t r i c a l  

s ignals  and stored on msgnetic tape a t  the  r a t e  of 400 samples per 

second. 

flow nozzle, pressure data were taken with cal ibrated strain-gage 

transducers, and iron-constantan thermocouples were used t o  measure 

the  temperature of i n l e t  nitrogen and cooling water. 

water flow rates were measured with cal ibrated turbine flow meters. 

The arc  current was measured by use of a shunt and a current transductor 

which is a device designed fo r  e l e c t r i c a l  c i r c u i t s  that operate above 

ground p t e n t i a l .  

ductor, a lso  for  ungrounded c i r cu i t s .  The current and voltage measur- 

ing c i r c u i t s  were each cal ibrated as a uni t .  

voltage measurement a t  the  various axial s ta t ions  is shown schemati- 

ca l ly  i n  f igure 3 .  

switch which allowed automatic sampling of the  voltage a t  each station 

on comand from a remote location. 

The nitrogen flow r a t e  was measured with a ca l ibra ted  choked 

The cooling 

The voltages were measured with a voltage t rans-  

The c i r c u i t  used f o r  

Included i n  t h i s  c i r c u i t  was a rotary stepping 

To determine the  r ad ia l  temperature p ro f i l e  of the  gas within the  

esc heater a 3.4 m Ebert spectrograph was employed t o  expose a 

photographic p l a t e  t o  t h e  l i g h t  radiated by the  a rc  column. 

photographic p l a t e  was Eastman Kodak Company's "spectral  analysis no. 

The 

3." 

The spectrograph has a movable grat ing which allows the  select-  

ion of a desired wavelength at which the  l i g h t  i n t ens i ty  i s  t o  be 

measured, A sketch of the  opt ica i  arrangement is shown i n  f igure  4. 
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The op t i ca l  t r a i n  consis ts  of t he  spectrograph, a lens ,  an aperture,  

a pivot mounted mirror, and the  a rc  (or i n  the  case of fjlm ca l ibra t -  

ion, a calL’Dc&ted tungsten lamp). 

project  the  l i g h t  from e i the r  the  a rc  o r  the  tungsten lamp i n t o  the  

spectrograph. The aperture  was selected t o  control  the energy through- 

put , the  degree of p a r a l l e l i m  of t he  l i g h t ,  and the  depth of f i e l d .  

Aperture select ion f o r  these purposes are discussed i n  reference 9. 

The mirror could be pivoted t o  

On the  basis of ca l ibra t ions  and data-reduction techniques, t hz  

estimated accuracy of t he  measured data is as follows: 

Vol tage .  . . . . . . . . . . . . . . . . . . . . . . . .  +3percen t  

Pressure. . . . . . . . . . . . . . . . . . . . . . . . .  +2 percent 

Wall heat f lux.  . . . . . . . . . . . . . . . . . . . . .  5 percent 

Temperature . . . . . . . . . . . . . . . . . . . . . . .  +10 perr 

- 
- 

- 



CHAPTER IV 

TEST PROCEDURES AND METHODS 

Special  Calibrations 

Although a l l  of the  instrumentation was laboretory cal ibrated,  

special  ca l ibra t ions  were also made a t  the  s i t e  for  tL-  assembled 

measuring arrangements. As mentioned earlier,  the :?te current 

and voltage c i r c u i t s  were ca l ibra ted  with known inpL-5 at the s i t e .  

Periodically,  the  arc  heater  was pumped t o  various known pressure 

levels thereby exposing a l l  pressure tranPducers a t  the  d i f fe ren t  

axial locations t o  a given pressure simultaneously. 

t he  transducers were then cordpared t o  guard against  possible connect- 

or leaks and changes i n  trans5z-er ca l ibra t ions .  

The output from 

The wall heat fluuc was determined by measuring the  heat  input 

t o  a cooled segment and dividing t h e  numerical r e su l t  by t he  expoed 

wall area.  The w a l l  area a l so  include6 one uncooled insulator  segment 

since it is dependent upon the  cooled segment fo r  cooling. 

input was determined by t he  cooling water flow r a t e  and i t ' s  ternpera- 

t u r e  rise through the  control  segment according t o  the  re la t ion ;  

The heat 

q = & C C T  P 

To es tab l i sh  confidence i n  t h i s  combination measurement of flow rate  

and temperature rise a spec ia l  ca l ib r r t i on  was devised. As sketched 

i n  f igure 5 the  cooled control  s e p e n t  was replaced by a length of 

16 
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n i  chrome res i s t anc e 

cm inside diameter 

ri'7bon enclosed i n  the  flow passage of a 0.483 

nylon tube. A direct-current power supply was 

connected across the  ribbon of known res i s tance  thereby providing a 

precisely known input from the  J o u l e  heating. 

t o  a range of expected heat flux values were enployed. 

deviation of the water flow/temper&ture r i s e  derived heat output from 

the e l e c t r i c a l  input  was 5 percent. 

Heat inpJ ts  equivhlent 

The maximum 

For each r a d i a l  temperature p ro f i l e  measurement one photographic 

p la te  was used. 

respective purpose i s  l is ted below: 

The information recorded on each p l a t e  and i t ' s  

1. 

2. 

3. 

4. 

5 .  

0 
Arc column in t ens i ty  measurements; from 4nl.5 A-NI l i n e  and 

4935 A-NI l i n e  radiatioi .  superimposed on continuum radiatiori 

with a wavelength rar-ge from about 4730 A t o  about 5180 A. 

Continuum radia t ion  of known in t ens i ty  from a tungsten lamp 

t o  provide a r e l a t ion  between input In tens i ty  md photograph- 

i c  p l a t e  density. 

Step f i l t e r e d  in t ens i ty  input f o r  r e l a t ive  e f f ec t s  of vary- 

ing t h e  in tens i ty  on the  p la te .  

Unfil tered in t ens i ty  t o  assure uniformity of input t o  s t ep  

f i l t e rs  indicated i n  ( 3 )  above. 

Mercury l i n e  rad ia t ion  from 5. lricrowave discharge t o  provide 

an accurate wavelength locat ion and t o  assure  the reyroduc- 

a b i l i t y  r 

0 

0 0 

a known l i n e  shape. 

There are  a number of methods whereby the  i n t e m i t y  of Line 

radiat ion can be used t o  determine a gas temperature (ref.  13). The 
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method used here - i  that vhereby a temperature is related t o  the 

absoluce radiance of a single atomic l ine .  

the t rsnsi t ion of an orb i t a l  electron frola one energy state, n t o  a 

lower state, m. In  an isothermal gas slab the measured integrated 

radiance IV is related t o  the temperature T by the expression 

(ref. 10); 

The emission results from 

nm 

where for  a given wavelength X and pathlength ll the remaining 

quantities are either constants or are tabulated values that are a 

function of teqerature and pressure. 

are h c t i o n s  of temperature, an i t e r a t ive  process is required t o  

match the correct Nm and T. I n  the present case a radial tempera- 

ture profile of the cylindrical  gas column l e  required, whereas, 

measurements of radiance can ~ n l y  be obtsined from a s ide  or lateral 

view. 

th in  isothermal concentric annular zones and a mathematical t ech ique  

referred t o  as an " A b e l  in tegral  inversion" applied t o  convert the 

measured lateral radiance t o  radial radiance per unit depth, connuonly 

called the emission coefficient.  Inherent in this method is the 

assumption of optical  transparency, local  theaodynamic equilibrium, 

and cylindrical  symmetry. 

nm 

Since some of the quantit ies 

However, the cylinder can be comidered t o  be broken up into 

In  reference U. Morris, et al derived a method whereby the gas 

temperature could be deter. a3 by measurement of t he  continuum 



0 
radiation a t  a wavelength of 4955 A. 

assumed to resu l t  from two mechanisms for  which the temperature 

eependence of the radiance was theoret ical ly  known. 

assumption and measurements of k955 A continuuni radiation a t  1 and 2 

atms pressure tind a t  temperatures from 9000 t o  14,OCO OK, a table of 

temperature as a function of radiance was set up for  pressures between 

0.1 and 5.0 atm. 

is the reduction i n  time and ef for t  required t o  determine t h e  

temperature. 

The continuum radiation vas 

Aassd on tkis 
0 

The advantage of t h i s  method over the  l i n e  method 

I n  the  present experiment the  use of photographic f i l m  for 
0 

radiance measurements allowed a simultaneous meesurement of the 4955 A 

continuum and the  l i n e  data,  hence t h e  continuum method was also used 

and the results compared with the  l i n e  derived temperatures. 

The preceding methods, especially adapted t o  photographic 

techniques, are discuased i n  considerable detail  in reference 9. 

Tents 

The procedure for r u m i n g  em e-rhental t e s t  consisted o f  a 

pre-run instnrment check, safety checks, and the  actual arc heater 

operation. 

were evacuated t o  e pressure of approximately 267 a/m 

a smal l  flow of argon gas was introduced in to  the arc heater, and 

the 1100 vol t s  of the power supply was impressed across the electrodc- 

I n  t h i s  strong e lec t r ic  f i e l d  and low pressure the argon ionized 

suff ic ient ly  t o  create  a conductive path between the electrodes et 

which time the  nitrogen flow was i n i t i a t e d  and the argon flow was 

For the  a r c  nepter operation, the  heater and vacuum tank 
2 

( 2  mm-a) 
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stopped. 

the desired value and the gap at the heater exit was adJusted t o  

assure sonic flow at  the exit ra ther  than within the arc heater. When 

an eqii i l ibrius operating condition was a t ta ined  a l l  of the data were 

taken. 

After arc  ign i t i on  t h e  nitrogen flow rate vas adJusted t o  

Pr ior  t o  the  test, resis tance in the power c i r c u i t  was 8dJusted 

t o  produce the approxi3Lste desired current.  



CHAPTER v 

RESULTS AZOD DISCUSSION 

The experimental tests were made with three different  levels  of 

arc current, and three different levels  of -8 flow rate at each of 

these operating conditions. 

400, 8c0, an? 1200 Baperes, and nominal flow rates were 2, 6, and 10 

gmslsec. 

4.8 g/sec case in order t o  u t i l i z e  the  f a c i l i t y  for  cer ta in  other on 

going research.) 

both reference 7 and reference 8 were run with an input current, mass 

flow rate, and entrance pressure equal t o  tha t  obta!ned i n  the 

experiment. 

flow mode and also i n  the turbulent flow mode. 

The nominal values of current were; 

( In  stme instances the 6 m / e e c  case was replaced w i t h  a 

For each experimental case the computer programs from 

In each case, each camputer program was run i n  the laminar 

The result3 of both numerical computations for laminar and 

turbulent flow are campared t o  the experimental data i n  figures 7 

through 8. 

show the value of the measured or computed parameter by the  ordinate 

as a function of the axial location on the abyscissa. 

temperature prof i le  is shown f o r  one uial location ilnly arid that is 

at  16.3 cm. Zero exial distance i a  considered t o  be the constrictor 

entrance and j u s t  downstream of the cathode surface. 

e f fec ts  

Except for  the  radial temperature prof i le  these figures 

The radial 

m e t i c  

become significant within a few mean-free-paths of the  

cathode surface end are not taken into 

Since the pressure YBS not measured at 

account i n  the computations. 

the entrance, the first three 

21 
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measured data points  were graphically extrapolated back t o  the Z T C  

axial distance i n  order t o  obtain an input pressure for  t h e  computer 

programs. 

comguted values resulting from use of t he  program of reference 8, 

Throughout these figures the so l id  curve represents t he  

and the dashed curve represents  ccmputed values resulting from U ~ C  of 

the program reported in reference 7. For b=evity, i n  t he  remainder of 

this discussion the names of the first authors will be used instead of 

reference 7 and reference 8; Watson and Graves r e s p e c t i ~ e l y .  

measured data are shown as discrete points  enclosed by a c i r c l e  and 

The 

have no c m e  associated with them. When one of the computed curves 

s top short  of an a x i a l  dis tance of 41  cm t h e  program has computed an 

axial center l ine  veloci ty  equal t o  the local acoustic veloci ty  

(Mach number = 1). When t h i s  condition i s  computed t h e  prDgram w i l l  

not proceed . 1 

Pressure - Figure 6 (a )  shows t h e  a x i a l  pressure at the  lowest current  

l e v e l s  and for the three d i f f e ren t  mass flow rates wbich increase from 

the bottom toward the top  of the figure. The measured pressure drop 

is nearly l i n e a r  with a x i a l  distance and is es sen t i a l ly  constant at 

the two lowest flow rates. For the  laminar case both program3 predic t  

the cor rec t  trend and only s l i g h t l y  under predict  the  pressure except 

near t he  end of the cons t r ic tor  where the  gradient is greater than the  

he fe rence  7 also reports a subroutine fo r  continuation at 
supersonic ve loc i ty  provided the  cross sec t iona l  flow area i s  made 
t o  increase .fownstream of t h e  sonic point .  
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experiment indicates.  Note that both programs indicate  sonic veloci ty  

i n  the cons t r ic tor  at the  highest flow rate but only Graves pred ic t s  

sonic velocity at t h e  lowest flow rate. 

at s t a t ion  - 1 (Z = 5.2 cm) vas monitored and t h e  blunt  body moved 

toward the heater exit u n t i l  t he  pressure a t  s t a t i o n  - 1 began t o  

respond, thus indicat ing sonic flow i n  t he  gap between the  exit and 

blunt body ra ther  than i n  the  conetr ic tor .  Obviously, t he  turbulent  

models are inappropriate f o r  these conditions, for the  values are 

vas t ly  underpredicted and sonic ve lcc i ty  is reached much nearer the  

entrance than was indicated even by the  laminar flow model. 

turbulent predictions are more nearly !a agreement with the  laminar 

flow predictions and t he  measured da ta  when the  gas flow rate is  

small. 

During t h e  test the  pressure 

The 

Voltwe - For similar a rc  currents  and gas mass flow rates the  voltage 

is plot ted i n  figure 6(b).  

with flow rate and entrance pressure, and both laminar flow computa- 

t i ons  -xedict  t h i s  trend. 

flatter than the  experimental data indicate ,  and is more obvious with 

increased flow rate. 

other and disagree with t h e  experiment by only about 13 percent at most, 

and th i s  occurs near t h e  cons t r ic tor  e x i t  at t h e  highest  flow r a t e .  

Again, as fo r  t he  pressure data ,  t he  turbulent  models nei ther  agree 

with each other or with t h e  experimental data. ( A t  t he  lowest flow 

rate case Watson's tu2bulent prediction does agree with experiment, 

but this i s  probably for tu i tous  since none of t he  other parameters 

The voltage at any ax ia l  locat ion increases 

The slope of t he  predicted curvetl are 

Numerically, t he  programs nearly agree with each 
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corroborate it. 1 

Wall heat flux - In figure 6(c)  the experimental data indicates that 

t h e  wall heat flux quickly rises t o  a cer ta in  value near the constric- 

t o r  entrance and remains nearly constant throughout t h e  constrictor.  

The magnitude of the w a l l  heat flux increases w i t h  flow rate and 

pressure. Graves' (reference 8 )  laminar model closely predicts the  

magnitudes and the trends with flow rate, but the turbulent flow pre- 

dictions are nearly one-hundred per cent In disagroement, o r  e l se  

indicates ear ly  sonic flow. 

laminar and turbulent, are i n  large disagreement with the experimental 

data. 

Both of Watson's (reference 7 )  predictions, 

Tenmerature - The radial temperature prof i les  fo r  t h i s  current leve l  

(400 aaperes) are shown i n  figure 6 ( d ) .  In general the experimental 

profiles based on both HI l ine8 emd the  continuum are i n  good agreement 

and the  prof i le  becomes ell&itly more peaked at the centerline as t h e  

mass flow rate increases. 

continuum derived prof i le  poesibly results from an experimental error ,  

although it must be recalled that t h i s  method was original ly  based on 

measurements at 1 and 2 atm. (reference 11). 

a centerline temperature frm a-hout 11,500 K t o  about 13,000 K and the 

highest centerline temperatures occur with the  highest flow rates. 

tendency of the temperature t o  level out at large radii may rest.lU 

from the shape of the  window s l o t  which could allow a bulge i n  the 

flow at that point. 

A t  the  highest f low rate the  irregular 

The measurements indicate 

The 

Although the s l o t  width is narrow, sone hot gas 



could conceivably flow i n  and out of it thereby disturbing t h e  

symmetry of t he  observed hot flow which is important t o  the temperatur? 

measurenent technique as previously diecussed. 

solutions are i n  very good agreement with t h e  data at least over t he  

inner 50 per cent of the  radius. Graves turbulent flow model predicts 

a considerably f l a t t e r  p r o f i l e  than does t h e  laminar flow moZel, which 

would be expected based on ordinary pipe flow. 

are shown i n  t he  highest flow r a t e  p lo t  because both programs predicted 

sonic flow pr io r  t o  t h i s  axial s t a t i o n  ( z  = 16.3 cm), 

Both laminar flow 

No turbulent predictions 

The var ia t ions  i n  the calculated curves near 7000 K result from 

gas property var ia t ions r a the r  than any numerical i n s t a b i l i t i e s .  

800 Ampere Case 

Pressure - The a x i a l  pressure drop for t'ds arc  current case i s  shown 

for t he  three flow rates i n  figure 7(a). 

indicates  an almost l i n e a r  drop with axial distance and l i n e a r i t y  is 

enhanced by lowering the  flow ra te .  Graves' laminar flow prediction 

is the  most successful and Watson's laminar flow is next. In  some 

instances sonic flow i s  predicted in She constr ic tor  and a r e l a t i v e l y  

sharp drop i n  pressure usually preceeds a predicted sonic point. The 

experiment does not indicate  such a drop. 

( f igure 6 )  the  turbulent models are very unsuccessf'ul except i n  t h e  

lowest "low rate case where t h e  turbulent and laminar predictions 

are v i r t u a l l y  the  seune. 

The experimental da t a  

As i n  the previous case 
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Voltaue - The voltage fo r  the 800 emp caee is shown i n  figure 7(b) .  

The experimental data indicate  a l a rge r  gradient at t h i s  operat i% 

condition than f o r  a comparable flow and pressure at  400 amps. 

though in  general both laminar flow predictions agree reasonably well  

with the  data, it would be des i rab le  t o  have the  Slopes (or g rad ien t s )  

i n  b e t t e r  agreement fo r  possible future  heater design purposes. 

is, S f  e heater of greater a x i a l  length is desired the voltage 

requirements could be under predicted by the  calculations.  

Al- 

That 

W a l l  heat flux - The expwimental data in figure 7 ( c )  indicate  t h E t  t h e  

wall heat flux is  much greater f o r  t h i s  : w e n t  level than for  the 400 

amp case. There is some indication of a wall heat flux reduction near 

the end of the  constr ic tor ,  possibly due t o  uncompensated r ad ia t ive  

losses  from t.he e x i t .  Graves l d n a r  flow model predicts the wall 

flux quite  w e l l  except i n  the  lowest flow rate case, where it over 

predicts  near t h e  entrance sad underpredicts near t he  dometream end. 

Watson's laminar m o d e l  predlcte nearly t h e  opposite t o  Graves i n  t h e  

lowest flow case and vas t ly  underpredicts f o r  t he  tm higher flow 

r a t e s .  

heat flux. 

Neither of t he  turbulent models adequately describe the  w a l l  

Temperature - The radial temperature p ro f i l e s  f o r  t h i s  case are shown 

i n  figure 7(d) .  The center l ine t e m p e r e t i e s  a re  not g rea t ly  different  

than those measured a t  400 amps, but t h e  p r o f i l e s  a re  s l i g h t l y  f l a t t e r  

indicating t h a t  t h e  arc tends t o  more newly  1.iJ.l the tube as t he  

current is  increased. Centerline temperatures for t h i s  case a re  from 
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about 13,000 t o  14,000 K. 

pro f i l e s  adequately, although Watson predicts  a more peaked p r o f i l e  

wtth iccreasing flow rate  than is  born out by the  experimental data. 

Watson predicts  a higher cen te r l i ae  t a p e r a t w e  f o r  the  turbulent case, 

whereas Graves predicts  a lower value. 

Both laminar flow programs predict  t he  

1200 Ampere Case 

Pressure and VoltaRe - For t h i s  case the  a x i a l  pressure and voltage 

drop are shown i n  f igures  8 (a )  and 8(b) respectively.  The r e su l t s ,  

except fo r  mgnitudes,  are very nearly t h e  same as f o r  t h e  lower 

current  cases. 

W a l l  heat  f l u x  - I n  figure 8 (c )  t he  experimental data indicates  a 

d i f f e r  :t pat tern of w a l l  heat flux as the  flow rate is increased. 

For t h e  lowest flow rate the  teat f lux  rises throughout t h e  f i r s t  h a l f  

of the cons t r ic tor  length and then approximately l eve l s  out i n  the 

last h a l f .  

to a value which is almost constant throughout the  cons t r ic tor .  

a crude sense, Graves predictions follow this l a t t e r  pa t te rn  for  a l l  

three flow rates. 

computations approximate the  magnitude of t h e  flux l eve l s  a l so .  

Watson predicts  t he  low flow r a t e  case bes t ,  and following a very slow 

r i s e ,  appears t o  app-oach the cor rec t  value near t h e  end of the 

constr ic tor  fo r  t h e  middle flow rate. Watson's highest flow rate case 

predicts the  correct  pa t te rn  but the  magnitude is  underpredicted by 

nearly a fac tor  of four ,  and t k e  turbulent model i s  about as good as the  

in the two l a rge r  flow rates the  heat f lux  quickly rises 

I n  

In  t he  txc l a rge r  flow rates Graves laminar flow 
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laminar model for  all three flows. 

lower wall heat fluxes than does the  l d n a r  model, which seems 

coritraxy t o  ordinary pipe f lovs  with heat t ransfer .  

high temperatures involved the r ad ia t ive  heat flux cornponenet i s  

important, so t ha t  i f  turbulent flow results i n  a much lower center l ine  

temperature the net result may be a reduced w a l l  heat flux. 

Graves turbulent model 2redicts  

However, a t  the  

Tewerature - In figure 8(d)  t he re  is a greater dffference between t h e  

l i n e  derived and continuum derived temperature p ro f i l e s  than w a s  seen 

i n  the  previous lotfer current, lower preesure cases. 

method indicates  a peak temperature on the  order of 10 per cent greater 

than the l i n e  method, although t h e  best weemen t  would have been 

expected a t  t h i s  pressure near one atmosphere where the  relatim between 

continuum measurements and t enpera twe were or ig ina l ly  derived (see 

reference 11). 

the  ccjrtiauum method has compared very  favorably with the  l i n e  method 

which required much more time and e f f o r t .  Both theore t ica l  laminar flow 

computations indicate  a much higher center l ine  temperature; approximately 

16,000 K as compared t o  measured ~ 3 l U e t 3  on the  order of 13,000 K. 

Graves turbulent case predicted sonic flow pr ior  t o  t h i s  axial l o c e t i m ,  

and Watson's t u b u l e n t  values a t  the  center l ine  are approximately 100 

per cent higher than the  measured values, and therefore  again f a i l  t o  

predict  t h e  measured results. 

Here the continuum 

Considering all  of t h e  temperature measurements however, 



Overall Considerations 

Considering t h e  over a l l  results of f igures  6 through 8,  t he  most 

apparer.t r e su l t s  i s  t ha t  the  turbulent mode of e i the r  program fails t o  

preaict  the measured results. Based on the  predictions it can only be 

concluded t h a t  t h e  flow i n  each case is indeed laminar. In  most cases 

however, t he  two turbulent r e s u l t s  do not agree with each o ther ,  a c lear  

indication t h a t  one, o r  both, methods are i n  erroi-. 

t a  provides no insidht  i n  t h i s  regard, however, a few observations may 

be made. 

tzroulent  mode r e su l t s  i n  t he  use of  R turbulent Prandtl  number (approx. 

uni ty)  instead of a laminar Prandtl  number (approx. 0.7) and the  use of 

a turbulent coeff ic ient  of viscobity i n  t he  governing equetions. 

turbulent v i scos i ty  beicg t h e  S U ~  of the  molecular viscosi ty  and an up- 

parent viscosi ty  due t o  "lumps" of f l u i d  with a fixed axial  veloci ty  snd 

momentum t h a t  t r a v e l  a t ransverse distance "R" i n  the  stream. T h i s  trans- 

verse ( r a d i a l ,  i n  t h f s  case) distance ''2'' is generally re fer red  t o  as the  

"mixing length" end WBS first conceived by L. Prandtl i n  1925. There a re  

a number of di f fe ren t  re la t ions  fo r  the  mixing length i n  the l i t e r a t u r e  

and the  semi-empirical one used by Graves is re fer red  t o  as the  Van Driest 

model and is; 

The experimental da- 

In Graves. program, the  change from the  laminar mode t o  t he  

The 

where y 

evaluated at t h e  w a l l  propert ies  (reference 1 2 ) .  

is t he  distance from the  wall and the  exponential term is 

m e n  the  
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exponential term is  expanded it becomes apparent t h a t  

t i ona l  t o  y2 a t  the w a l l  and at ccnter l ine  9, i s  approximately eqtvnl 

t o  0.1) rw, t h a t  is; 

R i s  propor- 

R = y2 f o r  y * G 

and R 0.4 rw at y = r 
W 

Actually t h e  exponential term can be deleted and a = 0.4 y f o r  all y 

greater than about 0.05 cm. f o r  t he  conditions of i n t e r e s t  here. 

Watson’s program follows a s i m i l a r  procedure except t h a t  t h e  mixing 

length used was the  whd ly  empirical r e l a t ion ;  

a 4 - =  0.14 - 0.08 (1 - -‘/rw)2 - 0.06 (1 - y/ rw)  
=W 

(11 1 

due t o  Nikuradse (reference 13). Expansion of t h i s  r e l a t ion  indicates  

t ha t  kw a y and R 2 0.14 rw. It can be shown theore t ica l ly  tha t  e 

and 

da l h  - -r 0 , ( see reference 1 4  page 2-13). 
f lJJf 

Equation 10 meets t h i s  c r i t e r ion ,  however in equation 11 

w - =  da 0.4 at y = 0. Both equations 10  and 11 are p lo t ted  i n  f igure  9. 
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In e i ther  case +,ha apparent 3r "eddy" v iscos i ty  (E) is related t o  the 

mixing length by; 

2 &  
= JI 1,l 

Invest igators  (reference 12)  who campared experiaental ,  strongly 

heated gas flow data t o  seva-a1 t u r b u l a t  models concluded t h a t  t h e  

"Van Drieqt w a l l "  model gave t h e  best r e s u l t s  of thaes  tee ted .  

Considering only the laminar flow results, Graves i n  mcrlt  

instanced more ac-urately predicted the  meabured results. 

especial iy  t r u e  of wall heat t ransfer  and temperature. 

wall heat flux exhibited two axial prof i les .  

small (2.2 g/enc) t he  heat f lux  tended t o  show i gradual rise from 

the  entrance and then a level ing off t rend  t.owari, the  damst rea2  end. 

For la rger  flow rates the  measured heat flux tende3 Lo A s e  quickly 

near the  entrance and maintain a nearly cont;i m t  value t5rougho 5 

t h e  constr ic tor .  Watson's program portrayed t h i s  chawe i n  p r o f i l e  

with f l w  rate, but the  numerical values were ueirally grea t ly  

d i f fe ren t  from the  measurc.3 values. 

the  qv.ick rise pat tern near t he  entrance, but i n  general gavs 

acceptable values. 

components; radiat ion,  and conduction plus convection i n  h t h  programs. 

One of the  previously discussed laminar cases (see figure 7 ( c )  , 
Ih = 4.8 g/sec)  was replot ted i n  terms of these components and is shown 

i n  figure 10. Both programs predict  a rad ia t ive  heat f lux  t h a t  exceeds 

This wao 

The measured 

When the flow rate was 

Grave's p ro f i l e s  always exhibited 

The t o t a l  w a l l  heat f lux  can be divi6ed in to  two 
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the convection plus conduction ccmponent in the entrance region and 

then predicts a decrease with axial distance. This seem reasonable 

since a cold gas is near the uall and the centerline temperature is 

high at the entrance. 

in Graves' and Watson's ax ia l  heat flux prof i le  is primarily due t.c 

the difference in the predicted ra.3ative flux. Graves' radiat ive 

flux exceeds Vateon's values by more than a fector cf f ive,  and the 

nearly constant t o t a l  h a t  flux rteults from a decrease in radiation 

et about the same rate as t he  increaae In conduction and convection 

with Sxial distance. .The streew enthalpy near the  constrictor exit 

is still suff ic ient ly  high enough to produce appreciable radiation i n  

contrast t o  btson's prediction in figure 10 ( 2  = 38 cm. 1. 

It can be seen *an this plot  that the difference 

In reference 7, one of the  chief advantages cited for Watson's 

program vas the short computer run t h e  required t o  get a solution. 

"his vas acconrpllohed I n  psrt by minimizing the  number of radial 

points where the numerical calculetlone are made. 

has 13 radial mesh points, whereem Graves' program hae 31. 

the effect  of the amber of radial mesh points the most expedient 

approach vas t o  reduce Graves' radial mesh points t o  13 also. 

previous case was picked where good agreement with experbent was 

obtained and the case was r e r u n  with the lower number o f  radial mesh 

points. 

are shown for  reference. 

negligible effect on the  pressure, voltage, and centerline temperature. 

The wall heat flux, however, was mce sensit ive t o  the change which 

Watson's program 

To check 

A 

mese results are shown in figure 11. The measured results 

Reducing the number of mesh points had a 
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produced sane i n s t a b i l i t i e s  i n  the  program t h a t  resulted i n  osc i l l a -  

t i ons  i n  t he  solutions near t h e  entrance region and a l s o  a reducticn 

i n  nagnitude by as much as 28 per cent near t he  exit. 

feature  near t he  entrance was not l o s t ,  however. Consequently, i f  

temperature, pressure, or voltage are the  properties of interest, 

s ignif icant  reductions i n  computer time and cost  can be achieved by 

reducing the number of radial mesh points. 

f lux is desired then t h e  number of mesh point should be increased. 

The quick rise 

If accuracy i n  w a l l  hea t  

I n  all of the  results previouely considered, both programs vere 

run with an input static-enthalpy p r o f i l e  and ax id -ve loc i ty  p r o f i l e  

at t h e  entrance of t h e  constr ic tor .  

described by t h e  cubic equation; 

The enthalpy p r o f i l e  can be 

- €I,) (1.0 - 3R2 + 2R3) - Hw= ‘h where R = L .  
r ’  

W 

and the velocity p r o f i l e  by t h e  parabolic equation; 

2 (1.0 - R ) where u is obtained from mass flow 
= uQI Q, 

constraints.  Actually, t he  inlet enthalpy d veloc i ty  p r o f i l e s  are 

unknown i n  t h e  experiment, and t h e  p r o f i l e  select ions are arbi t rary.  

To check t h e  e f f ec t  of changing these entrance p ro f i l e s ,  one of t he  

previously considered cases was re-run with different  p ro f i l e s  t h a t  

are more peaked at the  center l ine than the  previous ones. The new 

nnd or ig ina l  p ro f i l e s  are shown i n  figure 12. The combinations of 

these p r o f i l e s  that were t r i e d  are: 
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1. peaked enthdpy/parabolic velocity 

2. cubic enthalpy/parabolic velocity 

3. peaked enthalpy/peaked velocity 

4. cubic enthalpy/peaked velocity 

Combination 2 w i l l  be recognized as the  previously used combination. 

The results of these tests are shown i n  figure 13 f o r  Watson and 

in figure 1 4  for  Graves.  he experimental data, i s  included fo r  

reference and the number assigned t o  each curve corresponds t o  the 

enthalpy/velocity prof i le  combination listed above. 

does not output temperature, but it does output enthalw and a 

separate program had t o  be generated i n  order t o  get the  pre-JT;ausly 

shown temperature profiles.  

of entrance prof i les  on parameters throughout the length of the 

constrictor and rather than convert the enthalpy at the numerous 

axial points with decreasing pressure, the  centerline enthalpy was 

plotted instead of temperature. 

Watson's program 

It was desirable t o  determine the effect 

From Watson's results i n  figure 13 it can be seen that the change 

i n  entrance velocity prof i le  haa very l i t t le  overall  effect on any of 

the parmeters. (Compare combinations (1) aad ( 3 ) ,  and (2) and (41.) 

The efzect of changing enthalpy prof i le  is more pronounced. 

effect on pressure, voltage, and wall hcst flux persists throughout 

the length of the constrictor and the wall heat flux experiences the 

greatest effect .  

experimental pressure and voltage whereas the cubic p ro f i l e  offers  

some improvement on the wall heat flux prediction. 

"he 

The peaked enthalpy prof i le  best describes the 

VerY ne- the 



35 

entrance (within about 1/3 diameter) a vast difference i n  predicted 

center l ine enthalpy e x i s t s  fo r  the two entrance enthalpy p ro f i l e s .  

%owever, after appoximately two dimetars bunstream the predictions 

are i n  good agreement. 

first cm. of length may shed s m e  l i g h t  on the  correctness of the 

respective prof i les ,  although the assumption of Lm on which the 

measurements are based may be questionable i n  t h i s  region near the  

cathode. 

Experimental temperature measurements i n  the  

I n  order t o  get Graves' program t o  function with t h e  sharp 

entrance enthalpy p r o f i l e  it was necessary t o  reduce the s i z e  of t h e  

a x i a l  s teps  taken between computations, and t o  increase the  zunber of 

i t e r a t i o n s  t o  achieve convergence of t h e  cumcrical solutions ai, a 

given a x i a l  s ta t ion.  

two i n  computer time and cost.  From figure 14 it can i,? seen t h a t  the  

change i n  entrance velocity p r o f i l e  has a negligible e f f e c t  except, for  

heat flux and enthalpy i n  the entrance region. 

enthalpy p r o f i l e  was sharp t h e  program had d i f f i c u l t y  i n  converging on 

a solution f o r  t he  w a l l  heat f l u x  i n  t h e  entrance region however, 

these o s c i l l a t i o n s  i n  t h e  so lu t ion  damped out a f t e r  about two diameters 

downstream. 

enthalpy at t h e  en t rame t h a t  Watson does wben the  input enthalpy 

p r o f i l e  is peaked. 

The net result bein& au increase by a l a c t o r  cf 

When t h e  entrance 

Graves does ..lot predict, t h e  very large peak i n  center l ine  

I f  approximately the first t w o  diameters a r e  discounted the e f f e c t  

of changing the input p r o f i l e s  as indicated here had no maJor e f fec t s  

on t h e  r e s u l t s  of e i the r  progreun, with the exception of Watson's wall 

heat flux prediction. 
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PAe intensi ty  measurements used t o  determine the temperature by the  

l i n e  method can be used (18 an indication of the  opt ical  transparency of 

the gas at these wavelengths (4915 - 4935 A).  

results from the electronic t ransi t ion fram an upper energy state t o  

a lover energy state. 

of two levels  and the result ing emission show up as two l ines ,  called 

a doublet, at 4915 and 4935 i. 
the two energy levels  is a f i r e d  r a t io ,  and if the  gas is t h in  the 

result ing emission intensities of the  two l i nes  w i l l  follow t h i s  same 

fixed ratio. Within the  accuracy of the experiment this vas found to 

be t rue,  and is evidenced by the  constant relationship between the two 

l i n e  determined temperatures in figures 6 through 8. Therefore the 

assumption of opt ical  transparency for these wavelengtha seem 

Justified.  

0 
!he radiation intensi ty  

The lower state i n  t h i s  case actually consists 

The probability of electrons populating 



For the  range of pressure, gas mass flow rates; and a rc  currents  

considered in t h i s  paper the following general concluding remarks are 

made. 

The pressure decretmes almost l i nea r ly  with axial distance end 

the gradient increases with flov r a t e .  

l i nea r ly  with axial distauce and the gradient increases with flow r a t e  

and pressure. 

f lux has a tendency t o  rise slowly in the first half of the cons t r ic tor  

end l e v e l  out in the  downstreean half. 

g/sec) the  heat f lux quickly rises near t he  entrance t o  a nearly 

constant value throughout the constr ic tor .  

strong function of current end pressure, e.g. at 400 amps and G.58 atm 

the heat f lux is abcut 150 W/en2, whereas at  1200 amps end 0.95 a t m  it 

is a u t  750 W/m2, 

t o  14,000 K and although the center l ine  temperature did not vary grea t ly  

with current,  a larger portion of t he  stream was et a higher temperature 

for the  higher currents.  In a crude S ~ I S I  t he  radial temperature pro- 

files were parabolic, and t h e  p ro f i l e s  were more peaked with increased 

Plow ra te .  In most cases t h e  temperature derived from measurements of 

continuum radiat ion in t ens i ty  at a wavelemh of 4955 A agreed with 

the temperature as derived from measurements of r e f i a t ion  in t ens i ty  

from the 4915 A HI l i n e  and also t he  4935 

The v d t a g e  increaees a laos t  

When the flow rete is  amrill (about 2 g/sec) the w a l l  heat 

A t  larger flow rates (up to 10 

The w a l l  heat f l u  is a 

Centerline temperatures varied from about 12,000 

0 

l i ne .  The 101 l i n e  derived 
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temperature is much =re tedious t o  obtain than that from the  continuum 

method, primarily because of t he  corrections which must be determined 

for  the l i n e  shapes. The measured r e l a t i v e  i n t e n s i t i e s  of t he  4915 A 

anti 4935 A l i n e s  indicated t h a t  the  ges was op t i ca l ly  transparent at 

these wavelengths. 

0 

0 

Both computer prograw of reference 7 and reference 8 ,  generally 

predicted the  correct  t rends f o r  t he  parameters and usually pre- 

dicted the  values t o  an acceptable accuracy when the  laminar flow mode 

was used. 

where reference 7 f a i l e d  t o  predict  t h e  values for most cases and the  

accuracy of reference 8 was not g s d  at the highest current .  A t  1200 

emps both programs overpredicted the center l ine  temperature by about 

20 per cent.  Reducing t h e  number of radial mesh points ,  where the 

nmer i ca l  calculations are =de, by about 58% had l i t t l e  e f f e c t  on 

the predictions except for w a l l  heat flux. In general changing the  

input veloci ty  and enthalpy prof i les  did not have a l a rge  e f f ec t  on 

the  predictions except within about two diameters of t he  entrance. 

In most cases the  turbulent flow predict ions of both programs did not 

agree with the  measurements or with each other.  

The erception t o  this was t h e  predict ion for w a l l  heat flux, 
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Figure 1.- Schematic of erc  heater and power c i r cu i t .  
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Figure 4 .- Schematic of temperature measuriL::,s apparatus. 
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Figure 5 . -  Calibration arrangement for wall ?teat flux measuring apparatus. 
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Figure 8.- Variation of parameters with axial location in the constrictor 
for I : 1200 amperes. 
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Figure 8 .- Continued. 
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Figure 12.- Input entrance profiles of enthalpy and velocity far 
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Figure 13.- Effect of e n m e  velocity and enthalpy profiles on 
numerical rolutioaa of reference 7. 
I t 800 ampa, i = 5 g/stc, po = .46 atm. 
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